Abstract: When a large amount of water is deposited onto a bare h-BN/Rh(111) nanomesh, the formation of ordered and stable nano-ice crystals in the pores has been experimentally observed. The present work proposes different possible models for the structure of the observed clusters, based on density functional theory calculations of two-dimensional water lattices adsorbed on free-standing hexagonal BN. Through the investigation of the electronic properties, the interaction with BN, and the distribution of the molecular dipoles, the most probable two-dimensional arrangement has been identified. Finally, a model is proposed for the nano-ice cluster trapped in the pore of the nanomesh, which constitutes 38 molecules distributed according to the most probable two-dimensional arrangement on free-standing BN. Structural and electronic properties of the optimized nano-ice cluster are also reported, and it is shown that the model is consistent with the experimental observation. 
I. INTRODUCTION
The boron nitride nanomesh is the superstructure formed by epitaxially growing hexagonal BN on Rh(111) surface [1, 2] . The lattice mismatch between the two materials induces the modulation of the interaction between BN and the metal. Where N atoms are located on top of Rh atoms, stronger electronic interaction is possible and the BN overlayer tends to stay close to the metal, at about 2.2Å [3] . Elsewhere, the interaction is weak and the overlayer remain farther, at about 3.1
A from the substrate [3] . The BN height variation creates depressions of 2 nm of diameter [1, 2] , which are called pores, while the weakly bound regions form a connected network, called wire.
The resulting superstructure has a periodicity of 3.2 nm and is called nanomesh. The nanomesh is quite stable in gas phase [4] , liquid water [2] , and other organic solvents [5] . It has been experimentally observed that adsorbed molecules can be trapped in the pores [1, 2, 6] , thus making it an interesting template for self-assembly of distant and ordered molecular arrays, or even as base-structure for fundamental studies of two-dimensional confined structures.
In our previous works [3, 7, 8] , we have described small aggregates of water molecules adsorbed on the nanomesh when little amount of water is deposited. We have optimized and characterized the structure and the electronic properties of several water clusters (up to 6 molecules) located in the pore and on the wire of the nanomesh. We could also determine that the triple protrusions appearing in the experimental scanning tunneling microscopy (STM) images are, most probably, water hexamers.
Experiments also show that by increasing the amount of water deposited to the nanomesh at low temperature (52 K), larger aggregates are formed and fill the entire pore [6] . From the detailed inspection of the STM images and the corrugation profile, it has been determined that the aggregates contain about 40 molecules which form honey-comb like lattices. The molecules are distributed over two sub-lattices (A and B), which give rise to different contrast in the STM image.
The modulation of the brightness has been interpreted as different height of the A and B molecules over the substrate. This interpretation is in agreement with the results obtained for the small water clusters adsorbed in the nanomesh pore, where the STM image of the hexamer shows brighter contrast for the molecules forming a hydrogen bond with the substrate and exposing the O lone pair outwards [3, 7] . On the other hand, the fact that STM cannot resolve well-defined structures on the wire has been interpreted with high mobility of the extremely weakly adsorbed molecules.
The formation of bilayer aggregates of water molecules on solid surfaces, with structure size ranging from small clusters to full monolayers, has been already reported in numerous previous works [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . Understanding the role of the substrate on the water clustering and on possible ice nucleation processes is considered a challenging and fundamental question, which has been addressed many times using both experimental and theoretical investigation tools [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . In particular, the cooperativity between surface bonding and hydrogen bonding has been identified as a crucial factor that underlies the stability of the formed structures at metal surface. Moreover, buckled layers of water molecules have been associated to different interaction types thus distinguishing in between low lying and high lying molecules as two different molecule types.
In this work, we discuss the properties of water arrays on h-BN, which is a hydrophobic substrate offering different adsorption sites. Although hydrogen bond could be formed between water and N atoms in the h-BN layer, the binding energies among water molecule themselves are much stronger compared to the adsorption energy between water and the substrate according to our previous work [3] as well as the results of nanoice clusters reported here. Thus, water molecules would always tend to form aggregates instead of being separated on a h-BN layer, which is the reason why we consider the h-BN layer as hydrophobic. The structures considered here are also obtained by the characteristic water hexamer as building block, and focus is set on how the adsorption site and the distribution of molecular orientation can affect the stability. These features are closely related to the properties of the hydrogen bond network, including also hydrogen bond to the substrate. As a first step, we consider simple systems constituted of a flat and free-standing h-BN layer fully covered by the water array. According to the experimental observation [6] , the water lattice has to be honeycomb-like with two sublattices, the O-O second neighbor distance has to be close to the one characteristic of hexagonal ice, i.e. 4.6Å. The structural optimizations starting from different initial configurations have revealed quite a number of possible stable arrays, which differ in the location of the molecules over the substrate, the height of the overlayer, the corrugation defined as the height difference between the two sublattices, the relative orientation of the water molecules, and the distribution of the hydrogen bonds. Finally, from the analysis of the optimized models, we could identify the best candidate to reproduce the nano-ice cluster observed by the STM experiments. We report results of the optimization of the selected water cluster constituted of 38 water molecules when it is located within the pore of the full nanomesh substrate. It is shown that the optimized structure agrees with the experimental findings.
II. METHOD
All the calculations are carried out with the CP2K program package [19] applying the hybrid Gaussian and plane waves (GPW) method [20] . We used revised PBE [21, 22] for the exchange and correlation functional in all the DFT calculations, and an additional Grimme potential [23] is added in order to include van der Waals dispersion corrections. Goedecker-Teter-Hutter (GTH) pseudopotentials [24] [25] [26] are used to approximate the interaction of the valence electrons with atomic cores. A large core pseudopotential and nine valence electrons with a single zeta basis set have been used for Rh. Double zeta short range molopt basis sets [27] are employed for B and N, while triple zeta basis sets are used for O and H. For the calculation with the nanomesh, we used a 13 × 13 BN layer with a four-layer 12 × 12 Rh slab, which represents the full unit cell of the nanomesh. Periodic boundary conditions are always applied in the calculations, and all the reported energy differences are corrected for the basis set superposition error (BSSE) using Boys and Bernardi counterpoise method [28] . STM simulations have been carried out within the Tersoff-Hamann approximation [29, 30] , following the same procedure described in Ref. [3] . The molecular dipole moments are computed as
where q n and r n are charge and position of the nuclei, whereas q w and r w are charge (-2e) and position of the center of the maximally localized Wannier functions (MLWF) representing the electronic structure of the adsorbed molecules. The MLWF are obtained for each optimized geometry minimizing the total spread of the molecular orbitals [31] . For each water molecule, one MLWF center is located along every OH bond and represents the electron pair, while two more MLWF centers represent the position of the O lone pairs.
The energetics of the optimized structures are compared in terms of the adsorption energy per water molecule E ads , the interaction energy per water molecule E int , and the hydrogen bonding contribution E H-bond . E ads is defined as the total energy of the optimized structure E M minus the energy of the optimized free-standing BN layer and N -times the energy of one water molecule in gas phase, where N is the number of water molecules in the simulation box, and then divided by N ,
E int is defined as the total energy of the optimized structure minus the energy of the optimized free-standing BN layer and the energy of the optimized freestanding monolayer of water molecules, then divided by N ,
E H-bond is the difference between E ads and E int divided by 3 2 , since each molecule in the water monolayer forms three hydrogen bonds with neighboring molecules and we need to cancel the double counting by times the factor strate. In the second structure named M2 topC, the molecules pointing down are those of the B sublattice, which means that the H atom points to the center of the BN ring. The binding energy between water molecules and substrate is 0.015 eV stronger for the M2 topN than for the M2 topC, because in the former case the interaction is more effective. The M2 lattice is the least dense among those considered in this work, the overall intermolecular distance is quite large, around 2.9
A. After the optimization, the O-O distances are distributed between values of 2.8Å, when the molecule parallel to the substrate is the hydrogen bond acceptor, and 3.0Å, when it is the donor.
In order to rule out biasing effects of the initial orientation of the molecules on the final structure, one optimization run has been started positioning most of the molecules parallel to the substrate. The resulting most stable final structure is also in this case the M2 topN configuration. We are looking for the molecular arrangement that could best represent the nano-ice cluster observed in the pore of the nanomesh by STM imaging. From the binding energy computed for the described structures, it is not possible to identify an outstanding structure that is significantly more stable than the others. Excluding the M3 2 structure, which is the only one not forming any hydrogen bond with the substrate, the adsorption energies are within 0.04 eV per water molecule. The adsorption energy is dominated by the intermolecular hydrogen bonding (E H-bond ). Each hydrogen bond contributes more than the interaction with the BN surface (E int ). The hydrogen bond energy is in most of the cases around -0.25 eV, with one exception for the M3 2 structure, for which the average hydrogen bonding is more effective with an average energy of -0.27 eV. Stronger hydrogen bonds can be related to the presence of dangling H and a better height distribution of molecules with different orientation. This structure is overall also the lowest in energy and therefore one of the best candidates for the nano-ice cluster. However, the experimental analysis seems to indicate that the O are distributed over two layers, which would exclude the M3 2, but also all the M2 structures, which show no corrugation at all. Also the other structures that have been described are not very probable due to the large in plane dipole moments (see the data in the TABLE I). Therefore a new model was generated which is still based on the M3 distribution of the O atoms over the substrate, which looks to be the most stable since each molecule is approximately on top of one N atom. The unit cell of the new model is a 2 × 3 supercell containing 24 water molecules with six different orientations of the molecular dipoles, thus minimizing the total dipole moment.
The resulting optimized structure M4 is reported in FIG. 4 . The molecules of the two sublattices are distributed over two layers, where the lowest molecules are perpendicular to the surface, with an average O-BN distance of 3.30Å, each forming one hydrogen bond with the N atom beneath.
The other molecules are displaced 0.9Å higher over the substrate and are parallel to the substrate, with both H atoms forming hydrogen bonds with neighboring molecules. As expected, the x and y dipole components are almost zero, while there is still a contribution along z due to the downwards orientation of half of the molecules. Moreover, the adsorption energy is one of the lowest among those computed on free-standing BN. Therefore, we consider this low-dipole structure as our best candidate to represent the nano-ice cluster reported from experiment.
B. Water Cluster on the Nanomesh
The optimization and characterization of the nanomesh superstructure with our computational set up has been already described in previous works [3] . Here we use a slab of four 12 × 12 Rh layers surmounted by a 13 × 13 BN overlayer. By standard structure optimization, the overlayer corrugates and forms the characteristic pore and wire regions, where the pore is a hexagonal- The actual number of water molecules in the pore might also affect the final structure. From the experimental data we know that there should be (20±5) per layer [6] , therefore 38 molecules is in the right range. It is even possible that molecules move fast from the cluster to the wire and in the opposite direction, thus changing the conditions at the rim. The presence of molecules on the wire is quite probable, and they could play a role in stabilizing the cluster in the pore. However, these molecule could never be imaged by STM, which is perfectly consistent with fast motion of molecules, weakly interacting with the substrate.
As already observed for the water arrays on free-standing BN, the O-O distances are not all the same. In the center of the cluster, the O-O distance is 2.62Å if the hydrogen bond acceptor is a molecule parallel to the substrate, whereas it is longer, 2.83Å, if the acceptor is a molecule interacting with the substrate through its second H, and therefore shifted downwards. Namely, the O atoms of the perpendicular molecule is at about 5.5Å from the topmost Rh layer, while the other molecules are about 0.8Å higher. For the molecules at the rim the differences in the O-O distance are smaller, 2.68Å and 2.79Å, respectively. The optimized structure reproduces the corrugation of the bilayer nano-ice cluster observed in the experiment. The height difference between the water molecules of the two sublattices is appearing in the STM images (FIG. 5c) as difference in brightness, which is consistent with the interpretation from the experimental analysis. The contrast modulation is more evident in the center of the cluster, whereas, at border where some molecules are rotated, the image becomes more blurred. When the orientation of the molecule is such that the O lone pair is not completely accessible from above, the STM imaging cannot clearly detect the molecular density, and the corresponding area becomes darker. Therefore, at the rim, some of the molecules appear as darker smaller spots or become even invisible.
V. CONCLUSION
In this work, we investigated different models of water molecule assembly adsorbed on BN, which could reproduce the atomic structure of the experimentally observed nano-ice cluster. The proposed initial configurations present similar characteristics in terms of number of molecules per unit, type and number of intermolecular interactions, distance from the substrate, and 2D hexagonal arrangement. The geometry optimizations carried out on flat BN surface lead to structures that are all consistent with a bilayer water lattice as observed in experiment. The intermolecular distances and the adsorption energy do not provide strong arguments to prefer one structure over the others, making one exception for the model M2, which has to be discarded due to the too large intermolecular distance. The distribution of molecular dipole, however, changes significantly from cluster to cluster. We then conclude that the M4 cluster should be the most probable arrangement of water molecules on BN, since by orienting the six molecules forming the hexagonal units in six different ways, the total dipole is minimized. In ref. [6] , we already showed that 42 water molecules extracted from the M4 model, without any relaxation, generate a local modulation of the electrostatic potential which closely resembles the experimental observation. Here, 38 M4 water molecules are optimized in the pore of the nanomesh, and the simulated STM image are in agreement with the experiment, where spots of different brightness identify molecules at different height.
For the system addressed in this work, it is especially interesting to consider the molecular dipole distribution, which has a crucial role in discriminating among structures that otherwise would have similar adsorption properties. This is clearly important to understand the formation of stable structure in the pore of the nanomesh, but could also be a useful criterion on other templated substrate where modulation of the electrostatic potential are present. 
